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Abstract
A search for extra spatial dimensions in the context of TeV scale quantum gravity has been
performed with the ALEPH detector at LEP. At LEP-2, a contribution to the production
of events with single photons plus missing energy from the process e+e− ! γG (with G a
massive graviton) has been looked for, but no significant signal has been found. Lower limits
at the 95% confidence level on the mass scale MD, at which gravity becomes strong, are
placed in the range 0.99 TeV to 0.49 TeV for 2 to 6 extra spatial dimensions, respectively.
The corresponding upper limits on the size of the extra spatial dimensions are 0.49 mm to
69 fm. With LEP-1 data, a search for scalar graviton (G0) production in the Z decay channel
Z ! f f¯G0 has been performed, but no signal has been found, leading to limits on MD in the
range 0.35 to 0.12 TeV. Additional searches have been made at LEP-2 for modifications due
to virtual graviton exchange to the e+e− ! γγ and e+e− ! f f¯ differential cross sections.
No significant deviations from Standard Model expectations have been found. Lower limits
on the ultraviolet cutoff parameters Λ+T and Λ
−
T are established as 1.12 TeV and 0.84 TeV,
respectively, at the 95% confidence level.





















Recently, Arkani-Hamed, Dimopoulos and Dvali (ADD) [1] have proposed a solution to the hi-
erarchy problem which does not rely on low energy supersymmetry or technicolor. In this new
framework, gravity is characterized by a fundamental mass scale MD of order TeV, and space
consists of  extra dimensions of size R, with
G−1N = 8R
δM2+δD (1)
where GN is the Newtonian gravitational constant.
In this 3+ dimensional space, the graviton propagates as a massless, spin-2 particle. However,
in projection onto our normal world of three spatial dimensions, it appears as a spectrum of massive
Kaluza-Klein excitations, with spins zero, one and two. The spin-2 gravitons (G) couple in the
usual way to the stress-energy tensor of the Standard Model (SM) elds. They have very weak
interaction with matter (of gravitational strength) and very long lifetime. The spin-1 gravitons
decouple from ordinary matter, and the scalar gravitons (G0) couple to SM fermions (gauge
bosons) with a strength proportional to the particle mass (mass squared).
This theory has some striking experimental signatures, including the breakdown of the New-
tonian gravitational law V (r)  1=r for distances r < R. More specically, the gravitational
force increases rapidly at distances r less than R with a 1=r2+δ dependence, becoming strong at
r  1=MD. Present measurements exclude  = 1, but  = 2, with R  100 m, cannot yet be
ruled out by direct laboratory measurement1.
This note reports on four measurements accessible to ALEPH which probe the experimental
consequences of extra spatial dimensions and TeV scale quantum gravity:
1. the search for direct spin-2 graviton (G) production in the reaction e+e− ! γG, in the
center of mass energy range 161  ps  189 GeV;2
2. the search for direct scalar graviton production in the Z decay channel Z ! ffG0, where ff
represents a fermion{anti-fermion pair;
3. the search for a deviation from the SM dierential cross section for e+e− ! γγ due to virtual
graviton exchange, in the energy range 161  ps  189 GeV; and
4. the search for a deviation from the SM dierential cross sections for e+e− ! ff due to virtual
graviton exchange, in the energy range 130  ps  189 GeV.
The results presented below are based on ALEPH measurements either already published or
submitted to recent conferences. The measurements (1) and (2), connected with a direct search
for graviton production, will be parametrized in terms of the gravitational mass scale MD, and
equivalently (via equation 1), with the size R of the extra spatial dimensions. Measurements (3)
and (4), related to virtual graviton exchange, will be characterized in terms of an ultraviolet cuto
energy T [2, 3, 4]. In the absence of a full theory of quantum gravity, this cuto energy cannot
be precisely calculated in terms of the mass scale MD, but the ratio T =MD is expected to be of
order unity.
1Astrophysical measurements have been used to set lower limits on MD at the multi-TeV level for  = 2. See, for
example, S. Cullen and M. Perelstein, “SN1987A Constraints on Large Compact Dimensions”, SLAC-PUB-8084,
SU-ITP-99/15 (March, 1999); hep-ph/9903422.
2In this reaction, scalar graviton production is negligible as its coupling is proportional to the electron mass;
only spin-2 graviton production plays a significant role.
1
2 e+e− ! γG
In the ADD scenario, a spectrum of massive gravitons can be produced in association with a
photon in e+e− annihilation. The dierential cross section for this process depends on both MD












f(x; cos ) (2)
with:
f(x; cos ) =
2(1− x) δ2−1
x(1 − cos2 ) [(2− x)
2(1− x + x2)− 3x2(1− x) cos2  − x4 cos4 ] (3)
where x is the ratio of the photon energy to the beam energy, and  is the angle between the
photon and beam directions.
As noted in section 1, the gravitons G are characterized by very weak interaction with matter
and very long lifetime (cG  1:51016 cm for MG  200 GeV, the kinematic limit for production
at LEP-2). With these properties, on the scale of the ALEPH detector, G is a non-interacting
stable particle. Its production can be detected through the observation of a single photon and
missing energy 6E.
The reaction e+e− ! γ 6E is a well-studied process in ALEPH at LEP-2 [5, 6, 7]. Summary
plots for all the data collected in the center of mass energy range 161-189 GeV are shown in
gure 1. These data were taken at center of mass energies of 161, 172, 182.7, and 188.6 GeV with
corresponding integrated luminosities of 11.1, 10.6, 58.5, and 173.6 pb−1. The event selection
eciency is 74% for photons inside the acceptance j cos j < 0:95 and p? < 0:0375ps. The total
number of events selected is 759, with an expected value from SM processes of 763.
Figure 1a displays the invariant mass (Mmiss) distribution of the system recoiling against the
photon candidate, for the combined data sample. This distribution is dominated by radiative
returns to the Z, where the Z decays to . The polar angle () distribution for the photon
candidates is shown in gure 1b. There is seen to be good agreement between the data and the
SM expectation.
The search for e+e− ! γG is based on a binned maximum likelihood t to the two-dimensional
distribution in Mmiss and cos  for the photon candidates. The t is performed under the hypoth-
esis that the data contains a mixture of signal and background, with the dierential cross section
for the signal given in equations 2 and 3. Initial state radiation is taken into account. The 1.8%
systematic uncertainty on the background level [7] is included in the likelihood function.
The t parameter  is taken to be  = (1=MD)
δ+2 for  extra dimensions; this provides a
likelihood distribution L() which is well described by a Gaussian function (truncated for  < 0
as the signal cross section, which is proportional to , must be  0). The t results are displayed
in Table 1.
As no statistically signicant signal is observed, 95% condence level lower limits MD95 are
placed on the fundamental mass scale MD as a function of the number of extra dimensions .







These limits are shown in Table 1 along with the corresponding upper limits R95 on the size R of































Figure 1: (a) The invariant mass (Mmiss) distribution of the system recoiling against the candidate
photon. (b) The polar angle () distribution for the candidate photon. These plots show the data
(points with error bars) for the combined data sample (
p
s = 161 − 189 GeV), the absolutely
normalized SM expectation (shaded histogram), and the expected γG signal (open histogram) for
two extra dimensions, with MD set to the 95% confidence level lower limit of 0.99 TeV.
 (1=MD)
δ+2 MD95 (TeV) R95 (cm)
2 0:46 0:34 TeV−4 0:99 4:9 10−2
3 1:57 1:08 TeV−5 0:78 5:4 10−7
4 6:33 4:24 TeV−6 0:65 1:9 10−9
5 29:1 19:3 TeV−7 0:55 6:4 10−11
6 150: 99: TeV−8 0:49 6:9 10−12
Table 1: Fitted values for (1=MD)
δ+2, the lower limits MD95 on the mass scale MD, and upper
limits R95 on the size of the extra dimensions R, for  extra dimensions. All the limits are at 95%
condence level.
3
 BR (with MD in TeV) heciencyi MD95 (TeV)
2 4:0 10−8=M4D 0.26 0.35
3 1:3 10−9=M5D 0.32 0.22
4 4:5 10−11=M6D 0.34 0.17
5 1:9 10−12=M7D 0.34 0.14
6 7:5 10−14=M8D 0.32 0.12
Table 2: The branching ratios BR  Γ(Z ! ffG0)=Γ(Z ! ff) tabulated from equation 5, the
average selection eciencies heciencyi, and the corresponding 95% condence level lower limits
MD95 on MD for  extra dimensions.
3 Z ! f f¯G0
In this section a search for scalar gravitons, based on the coupling of the G0 to the Z, is described
(as noted in section 1, this coupling is much stronger than that of G to the electron). The
search channel is the decay Z ! ZG0, followed by Z ! ff. The expected Z branching ratio is
proportional to (MZ=MD)
δ+2 and is given by [8]:
BR  Γ(Z ! f
fG0)























with A = (1− x− y)2 − 4xy. Numerical results for BR are shown in Table 2.
The signature for this process is the presence of a virtual Z decay to ff accompanied by missing
energy carried away by a scalar particle. This topolgy is identical to that already looked for in
ALEPH in the search for invisible decays of the Higgs boson h in the process Z ! Zh with
Z ! ff [9].
The following results are based on the search for acoplanar jet pairs in 4  106 hadronic Z
decays, as described in [9]. This search topology provides the best expected limits. The average
eciency for signal events is shown in Table 2 as a function of . It is calculated by folding
together the expected G0 mass spectrum [8] with the eciency curve given in [9] as a function of
Mh.
No candidate events are found, with an expected background of 1.4 events. The 95% condence
level lower limits MD95 on MD, taking the number of signal events to be less than three, are
tabulated in Table 2. When these measurements and limits on MD are combined with those from
section 2, the results displayed in Table 1 are left unchanged.
4 e+e− ! γγ
In the ADD framework, the e+e− ! γγ SM cross section is modied due to additional amplitudes
in which a spectrum of virtual gravitons are exchanged in the s-channel. The modied cross








(1 + cos2 )














(1− cos4 )] (6)
where s is the square of the center of mass energy and  is the photon production angle. The
rst term is the SM cross section; the two additional terms, due to virtual graviton exchange, are
expressed in terms of the ultraviolet cuto energy T introduced in section 1.
A slightly generalized version of equation 6 will be used in quoting the experimental results.
This modied version allows for the possibility of a complex phase in the interference term between
the SM and graviton exchange amplitudes. For simplicity, only the phase factors +1 and −1 will
be considered, with the corresponding cuto parameters +T and 
−
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(1− cos4 )] (7)
The reaction e+e− ! γγ has also been well studied in ALEPH at LEP-2 [5, 6, 7]. Indeed,
the search for eects due to virtual graviton exchange follows closely the search for eects due to
contact interactions or the exchange of an excited electron.
The photon polar angle distribution, using the combined data sample for center of mass energies
161-189 GeV, is shown in gure 2 along with the SM expectation. This distribution is plotted
in terms of the production angle  in the two-photon rest-frame. The total number of selected












√s = 161-189 GeV
Figure 2: The production angle () distribution for e+e− ! γγ, with j cos j calculated in the two-
photon rest-frame. The data (points with error bars) are the combined sample for
p
s = 161−189
GeV; only statistical errors are shown. The prediction from the SM (histogram) is absolutely
normalized and includes a small contribution from Bhabha background.
5
With the data displayed in gure 2, a binned maximum likelihood t is performed for the
parameter  = (1=T )
4. The t is based on the dierential cross section, equation 6, corrected
for detector eciency and higher order corrections (assumed to be the same as for the SM alone).
The systematic uncertainty of 2.2% [7] on the measurement is taken into account in the likelihood
function. The t gives:
 = (1=T )
4 = −0:97 1:09 TeV−4
with the likelihood distribution L() well-described by a Gaussian distribution.
As there is no statistically signicant evidence for a non-zero value of  = (1=T )
4, the results
will be quoted in terms of lower limits on +T and 
−
T , with (1=

T )
4 = (1=T )4. As (1=T )4
must be positive, the 95% condence level lower limit +T95 on 
+












Likewise, the 95% condence level lower limit −T95 on 
−
T is dened as 
−






Numerically it is found that +T95 = 0:89 TeV and 
−
T95 = 0:77 TeV: The ratio of the measured
dierential cross section to the SM prediction is shown in gure 3 as a function of j cos j. Also
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Figure 3: The ratio of the observed to the predicted differential cross section for e+e− ! γγ
as a function of j cos j, where  is the photon production angle in the two-photon rest-frame.
The dashed and dotted lines correspond to the cross section ratios which include the effects from
virtual graviton exchange; +T (
−
T ) is set equal to its 95% C.L. lower limit of 0.89 (0.77) TeV.
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5 e+e− ! f f¯
5.1 Born Cross Section:
As in the case of e+e− ! γγ described in section 4, the e+e− ! ff SM dierential cross section is
modied in the ADD framework due to additional s-channel graviton exchange amplitudes. The
modied cross section is [4]:
d
dt












































where vf = Tf −2Qf sin2 2W, af = Tf and t = (pe−−pf)2. The symbol ef is equal to 1 for electron
pair production (f = e) and is equal to zero otherwise. The functions Gi(x) are given in [4]. The
parameter T is the ultraviolet cuto energy introduced in section 1.
The rst term on the right-hand side of equation 10 is the SM cross section. The interference
between the SM and the graviton exchange amplitudes gives rise to the terms of order 1=4T ,
whereas the pure graviton exchange produces the terms of order 1=8T . Because the graviton is
spin 2, d=d cos  is a fourth order polynomial in cos  (for f 6= e). This gives it a signature which
is very dierent from the other kinds of new physics considered previously [10, 11]. A further
feature of the theory is that for f 6= e, the total difermion cross sections are almost unchanged
from the SM predictions. This arises because the interference term in equation 10 gives zero when
integrated over all polar angles and the pure graviton term is suppressed by 1=8T .
5.2 Higher Order Corrections:
Equation 10 is derived in the Born approximation. Following the approach used in [10], this













with  = (1=T )
4. The function FSM is the SM cross section, which is computed using BHWIDE
[12] for the e+e− channel and ZFITTER v6.04 [13] for the other channels. The contributions to the
cross section from the SM{graviton interference and from the pure graviton exchange are denoted
by FBornIF and 
2FBornG , respectively. They are calculated in the improved Born approximation. The
Born level formula of equation 10 is corrected for ISR according to Ref. [14]. Because no higher
order calculations are available for the gravitational interactions, the ratios of these functions
with the improved Born predictions for the SM cross sections are taken. This allows for a partial
cancellation of higher order eects.
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As with equation 7, a modied version of equation 11 will be used to allow for the possibility














with  = (1=T )
4.
5.3 Results:
ALEPH results on difermion production at center of mass energies 130{189 GeV are given in
[10, 11]. These include measurements of the dierential cross sections d=d(cos ) for e+e− , +−
and +− production, the total qq cross section, the ratio Rb of the bb to qq cross sections, and
measurements of jet-charge forward-backward asymmetries in bb -enriched and bb -depleted event
samples.
A maximum likelihood t is made to these measurements using Equation 11 with  = (1=T )
4
being the t parameter. The likelihood function used takes into account correlated and uncor-
related experimental systematic uncertainties and also theoretical uncertainties on the SM pre-
dictions. The SM cross sections are uncertain by 1.5% for the qq channel and 2% for the +−,
+−, bb and cc channels. The SM forward-backward asymmetries have a relative uncertainty
of 2.5% for each qq flavour and 4% for the +− and +− channels. The Bhabha channel is a
special case because of the large t-channel contribution. The total Bhabha cross section, which
is measured in the angular range jcos j < 0:9, is uncertain by 2.5%. Uncertainty in the angular
distribution of the Bhabhas is modelled by allowing for an additional 2.5% variation in SM cross
section in the region −0:9 < cos  < 0:7, with the SM cross section in the region 0:7 < cos  < 0:9
being varied in the opposite direction to leave the total cross section unchanged. The likelihood
function L() is given in full in Equation 11 of Ref. [10].
Table 3 gives the tted values3 of  = (1=T )
4 based on the published difermion (ff ) measure-
ments from 130{183 GeV [10], plus the preliminary measurements at 189 GeV [11]. Also shown






T (dened in equations 8
and 9). To show the relative contributions of each channel, the limits obtained separately from
qq events (cross section and jet charge asymmetry), bb events (Rb and jet charge asymmetry)
and the three dilepton dierential cross sections are also given. The likelihood function for the
combined ff result is nearly Gaussian in shape.
Figure 4 illustrates these results for the Bhabha channel, which dominates the limits. The high
sensitivity of this channel arises from the interference of the s-channel graviton exchange with the
t-channel SM photon exchange. The Bhabha channel would be even more powerful, were it not
that the theoretical errors on its SM cross section are comparable to the experimental errors. If
















Channel  = (1=T )
4 (TeV−4) +T95 (TeV) 
−
T95 (TeV)
qq 1:4 +3.2−3.2 0.61 0.66
bb 3:1 +4.9−6.1 0.55 0.55
e+e− −1:23+0.73−0.70 1.03 0.80
+− −1:2 +2.8−2.8 0.68 0.63
+− 0:6 +4.5−4.7 0.59 0.57
ff −1:12+0.69−0.65 1.04 0.82
Table 3: Fitted value of  = (1=T )
4 and the 95% condence level lower limits +T95 and 
−
T95
obtained using the various difermion channels from 130{189 GeV. The results given for ff represent
the combination of all channels.
the theoretical errors were zero, then the uncertainty on (1=T )
4 from the Bhabha channel would
decrease from 0:72 to 0:46 TeV−4.
Figure 4: The ratio of the observed to the predicted differential cross section for e+e− ! e+e− as
a function of cos , where  is the e− production angle relative to the e− beam. Only the results
from
p
s = 189 GeV are shown. The inner (outer) error bars represent the uncertainties on the
data (data + theory). The dashed and dotted lines correspond to the cross section ratios which
include the effects from virtual graviton exchange with +T (
−
T ) set equal to its 95% C.L. lower
limit of 1.04 (0.82) TeV.
The measured qq and bb cross sections give little sensitivity as explained in Section 5.1.
The limits derived with these channels come primarily from the jet-charge forward-backward
asymmetry measurements, but these have rather poor precision.
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6 Combined Results on ΛT :
As described in sections 4 and 5 above, independent measurements have been made of (1=T )
4
in the reactions e+e− ! γγ and e+e− ! ff, respectively. Adding together the log-likelihood
functions, a combined measurement can be derived. The result is:
(1=T )
4 = −1:08+0.58−0.56 TeV−4
There is no statistically signicant evidence for a value of (1=T )
4 which diers from zero.
Therefore, 95% condence level lower limits on +T and 
−
T will be given:
+T > 1:12 TeV
and
−T > 0:84 TeV:
7 Conclusions
A variety of searches for eects due to extra spatial dimensions in the context of TeV scale
quantum gravity has been performed in ALEPH at LEP-1 and LEP-2. No signicant eects are
found either in direct production of gravitons (including scalar gravitons) or as modications to
Standard Model processes due to virtual graviton exchange.
A measurement of the process e+e− ! γ 6E at center of mass energies in the range 161 to 189
GeV is in agreement with Standard Model expectations. No signicant signal for graviton (G)
production in the process e+e− ! γG is observed. Lower limits, at the 95% condence level, on
the mass scale MD are established as 0.99 TeV to 0.49 TeV, for two to six extra spatial dimensions.
The corresponding upper limits on the size R of the extra spatial dimensions range from 0.49 mm
down to 69 fm.
A search with LEP-1 data for scalar graviton (G0) production in Z ! ffG0 nds no signicant
signal. Lower limits on MD are found to be in the range 0.35 to 0.12 TeV.
Measurements of the dierential cross sections for e+e− ! γγ and e+e− ! ff have been made
at LEP-2 at center of mass energies up to 189 GeV. There is no evidence for a deviation from the
Standard Model due to the exchange of virtual gravitons. Lower limits at the 95% condence level
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